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ABSTRACT

The effect of nozzle spacing on the flow
characteristics of triple rectangular free jets was
studied experimentally and numerically. The nozzle
spacing ratio S/d., where d. is the equivalent
diameter of a rectangular nozzle with an aspect ratio
of 2, was varied from 2.06 to 4.13. The Reynolds
number based on the nozzle exit velocity and the
equivalent diameter was 1.5 x 10*. The mean and
fluctuating velocities were measured using a
constant-temperature hot-wire anemometer with an
X-type probe. Three-dimensional numerical
simulations of triple rectangular free jets were also
performed using Open FOAM 5.0, and the numerical
results depicted the vortical structures in the jets.
Triple rectangular free jets with a small nozzle
spacing ratio, specifically S/d. = 2.06, merge
upstream. The mean velocity and the turbulent
kinetic energy near the jet centerline become higher
than those with a large nozzle spacing ratio. An axis-
switching phenomenon occurs after the jets merge,
and the whole cross-sectional shape of the triple
rectangular free jets changes to an elliptical jet with
a major axis in the z-direction. Farther downstream,
the elliptical jet becomes round.

Keywords: flow  measurement, hot-wire

anemometry, nozzle spacing, OpenFOAM,
rectangular jet, triple jets

NOMENCLATURE

B [m] width of rectangular nozzle

C [m] height of rectangular nozzle

Cs [-] Smagorinsky constant

d [m] diameter of circular nozzle

d. [m] equivalent diameter of non-
circular nozzle

k [m*/s*] turbulent kinetic energy

1

0 [-1 second invariant iso-surface of
velocity gradient tensor

Re [-] Reynolds number

S [m] nozzle spacing between the center
of nozzles

u [m/s] x-axial  velocity  (streamwise
velocity)

7 [m/s]  mean x-axial velocity (streamwise
mean velocity)

U rms [m/s]  root-mean-square value of x-axial
velocity fluctuation

Uocl [m/s]  nozzle exit mean x-axial velocity at
the center of nozzle

% [m/s]  y-axial velocity

w [m/s]  z-axial velocity

X [m] x-axial coordinate

Xe [m] potential core length

y [m] y-axial coordinate

z [m] z-axial coordinate

% [m*s] kinematic viscosity

Subscripts

cl on the jet centerline

cl,mid on the jet centerline of the middle jet

cl,side
sym

on the jet centerline of the side jet
on the jet symmetry-line

1. INTRODUCTION

Multiple jets issuing from two or more nozzles
are used in various applications, such as aircraft
combustors, air ventilation systems, and chip
removal systems in machine tools. The flow
structures of twin jets, which issue from two nozzles
arranged in parallel, have been reported by several
researchers [1-3]. For example, the effects of nozzle
spacing on the flow characteristics of twin circular
jets were investigated by Okamoto et al. [1] and
Laban et al. [2]. They reported that, for a small
spacing ratio S/d, the twin circular jets merged at the
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upstream side, and the streamwise mean velocity on
the jet centerline increased due to the suppression of
the entrainment with ambient flow in the inner shear
layer.

A single non-circular jet provides higher mixing
capabilities with the ambient fluid than those of a
single circular jet due to the three-dimensional
deformation of the vortex rings in the free shear layer.
Therefore, the flow structure of multiple non-circular
jets is expected to be more complex than that of
multiple circular jets. Hayashida and Kiwata [4]
experimentally studied the effects of the nozzle
orientation and nozzle spacing on the flow
characteristics of twin rectangular free jets with a
nozzle aspect ratio of 2. They showed that, for a
small nozzle spacing, the mean and fluctuating
velocities of twin rectangular free jets become larger,
after the combined point (CP) on the jet symmetry
line, than those of a single circular jet. However, the
nozzle orientation has little effect on the mean and
fluctuating velocities.

Figure 1 shows a schematic diagram of the x-y
cross-section of the flow field of the triple
rectangular free jets described in the present paper.
The flow field of the triple jets, which are lined up in
a row, is divided into the converging, the merging,
and the combined regions. The converging region
ends at the plane corresponding to the merging point
(MP), that is, itgym =~ 0.015#0c. The combined region
is formed downstream of the CP, where ifciige = tsym.
The region between these two regions is referred to

as the merging region. The region between the
middle jet and the side jets is defined as the inner
mixing region, and the region between the side jets
and the ambient fluid is defined as the outer mixing
region. Thus, the shear layers in the outer mixing
regions are defined as the outer shear layers. The
shear layers in the inner mixing region are defined as
the outside and inside inner shear layers, respectively.
As shown in Fig. 1, the flow field of the triple jets is
more complicated than that of the twin jets, because
the middle jet is influenced by the adjacent jets.
Morris et al. [5] investigated the effect of nozzle
orientation on the flow characteristics of multiple
non-circular jets with triple elliptic nozzles with an
aspect ratio of 2, and a nozzle spacing of 4.1d.. They
found that the triple elliptic jets with each nozzle
oriented along the minor plane had a shorter potential
core length and a closer MP location where the inner
mixing region of the adjacent jets merge than the
other orientations. However, they did not investigate
the effect of nozzle spacing ratio.

The objective of the present research was to
investigate the effect of nozzle spacing on the flow
characteristics of triple rectangular free jets with
each nozzle oriented along the major plane and
having an aspect ratio of 2. This paper describes the
distributions of velocity and turbulence intensity
obtained experimentally using an X-type hot-wire
probe, and large eddy simulation (LES) results
obtained using the computational fluid dynamics
(CFD) software OpenFOAM 5.0.
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Figure 1. Schematic diagram of the flow field of triple rectangular free jets.
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2. EXPERIMENTAL PROCEDURE AND
NUMERICAL SETUP

2.1. Experimental apparatus and
method

Figure 2 shows a schematic diagram of the
experimental system [6]. Figure 3 shows a schematic
diagram of an orifice plate with triple rectangular
nozzles. The orifice plate was installed at the wind
tunnel outlet to generate the rectangular free jets. The
orifice plate was made of an acrylic resin 10 mm
thick. Each rectangular nozzle had a height of C =10
mm, a width of B =20 mm, and a constriction formed
by a circular shoulder with a radius R = 4 mm at the
upstream edge of the orifice to prevent flow
separation. The aspect ratio of the rectangular nozzle
was B/C = 2, and the equivalent diameter of each
nozzle was d. [= (4BC/m)"?] = 15.96 mm. The nozzle
spacing between the centers of the triple rectangular
free jets was varied as S = 33 mm to 66 mm,
specifically the four spacing ratios of S/d. = 2.06 to
4.13. The nozzles were aligned with their major axes.
The flow characteristics of a single rectangular free
jet, a single circular free jet, and twin rectangular free
jets were also investigated to compare with those of
triple rectangular free jets. The results of the single
rectangular free jet, twin rectangular free jet, and the
single circular jet in the x-y cross-section on the
major axis are referred to as “SingleMajor,”
“TwinMajor,” and “SingleRound” configurations,
respectively. The definition of the x, y, and z axes is
shown in Figs. 1 and 2. The coordinate origin in the
flow field of triple rectangular free jets was set to the
center of the middle nozzle outlet. The flow direction
was defined as x; the horizontal direction as y; the
vertical direction as z; and velocity in each direction
as u, v, and w, respectively.

The flow velocities were measured by an X-type
hot-wire probe and constant-temperature hot-wire
anemometers (CTA) with linearized output. The hot-
wire probe could be moved three-dimensionally by a
traverse unit. The output signals from the CTA were
converted by a 16-bit analog/digital (A/D) converter
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Figure 2. Schematic diagram of the
experimental system.

at a sampling frequency of 6 kHz and 1.2 x 10° data
points were recorded. The resulting digital signals
were used to calculate the mean and the fluctuating
velocities. Aleyasin and Tachie [3] found that, for
Reynolds number Re > 1.0 x 10%, the velocity decay
and the jet spread of twin circular jets are
independent of the Reynolds number. Therefore, the
Reynolds number was set to Re = itpade/v = 1.5 x 104,
where v is the kinematic viscosity of air. The mean
velocity at the center of the nozzle exit, that is, x/d. =
0.1875, y/d. = 0, and z/d. = 0, was set to g = 14.2
m/s. Further, the uncertainties of the mean velocity
and the fluctuating velocity components measured
using an X-type hot-wire probe were calculated, with
reference to Nagano and Tagawa [7], to be less than
1.8% and 2.3%, respectively.

2.2. Numerical method

The three-dimensional numerical simulations of
the triple rectangular free jets for a small nozzle
spacing of S/d. =2.06 (S =33 mm) and a large nozzle
spacing of S/d. = 4.13 (S = 66 mm) were performed
by OpenFOAM 5.0 using a finite volume method.
The flow field was assumed to be unsteady, viscous,
incompressible, isothermal, and fully turbulent. The
unsteady flow simulation used the Implicit-LES
turbulence model, where the Smagorinsky constant
of the Smagorinsky-subgrid-scale (SGS) model was
set to Cs = 0 [8]. The convection terms of the
governing equations were discretized using the
second-order unbounded central differencing
scheme. The second-order central differencing
scheme was used for the diffusion terms, while the
second-order implicit scheme was used for the time
marching. The pressure-implicit with splitting of
operators (PISO) method was used as the calculation
algorithm for the pressure-velocity coupling.

Figure 4 shows the computational domain, the
mesh, and the boundary conditions for S/d. = 2.06
and 4.13. Nonuniform spacing and structured meshes
were used in the computational domain. The
streamwise, vertical, and spanwise lengths of the
computational domain are 640 mm (= 40d.), 320 mm
(= 20d), and 320 mm (= 20d.), respectively. The
width and the height of each nozzle are C = 20 mm
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Figure 3. Schematic diagram of the orifice
plate with triple rectangular nozzles.
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and B = 10 mm, respectively. The effect of the
number of grid points on the mean velocity profile
was investigated for the triple rectangular jets with
S/d. =2.06. The numerical simulation was conducted
with two numbers of grid points of approximately 1.3
x 107 and 6.5 x 108. The result for half the number of
grid points deviated significantly from the
experimental result. Therefore, the fine mesh was
adopted for the numerical simulation, namely, the
number of grid points was approximately 1.3 x 107
for S/d. =2.06, and 1.8 x 107 for S/d. = 4.13. The inlet
boundary of the triple rectangular nozzles was set at
a mean x-axial velocity ofu = 14.2 m/s with x-
direction velocity fluctuation of u’m¢/ u = 0.02, the
same as the experimental condition, and the gradient
of zero was set for the pressure condition. The
boundary condition of pressurelnletOutletVelocity
[9] was used at the top, bottom, outlet, and inlet
surfaces of the computational domain. This
boundary condition corresponds to a zero-gradient
velocity everywhere on the boundary, except the
inflow. When inflow occurred, a fixedvalue
condition was applied to the tangential component.
Furthermore, the pressure condition with the total
pressure of O was set on each boundary of the
computational domain. A time step size of 8x10°
was used for the present simulation to satisfy the
condition courant number CFL < 0.5.

3. RESILTS AND DISCUSSION

3.1. Comparison of experimental and
numerical results

Figure 5 shows the profiles of the mean
velocity w/up. along the x-axis in the x-y cross-
section for nozzle spacing ratios of S/d. = 2.06 and
4.13. The experimental profiles are in qualitative
agreement with the simulation in both cases until the
merging region. In particular, the agreement between
the numerical simulations and the experimental
results for S/d. = 2.06 is good in the combined region
of x/d. > 30, and the agreement between the
numerical simulations and the experimental results
for S/d. = 4.13 is also good at x/d. > 10. In the
following sections, the experimental results are
discussed wusing the numarical simulation if
necessary.

3.2. Mean velocity, and turbulent kinetic
energy in the x-y cross section

Figure 6 shows contour plots of the mean x-axial
velocity in the x-y cross-section, u/uo., for triple
rectangular free jets with S/d. = 2.06, 4.13, and a
single rectangular free jet of the SingleMajor case.
The potential core region assumes a wedge shape due
to the formation of the shear layer by mixing with the
ambient fluid. The length of the potential core x; is
defined as the distance between the nozzle exit and
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Figure 4. Computational domain, mesh and
boundary conditions.
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Figure 5. Profiles of mean velocity #/iioa along
x-axis in x-y cross section for (a) S/d. = 2.06,
and (b) S/d. = 4.13 case.
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the point at which i/itoa = 0.98 [2]. The length of
the potential core of the rectangular jets is x. = 3d. in
all spacing ratios of triple rectangular jets and the
SingleMajor case. The nozzle spacing has little effect
on the length of the potential core. However, only for
S/d. = 2.06, it seems that the length of the wedge-
shaped region of the middle jet becomes larger than
that of the side jets. The middle jet does not cause the
axis-switching phenomenon (discussed in Sec. 3.4).
For a small spacing ratio S/d., the positions of the MP
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and CP move upstream as compared with that for a
large spacing ratio. In addition, the jet spread
decreases in the downstream of CP due to the axis-
switching phenomenon (discussed in Sec. 3.4).
These results are consistent with those of Laban et al.
[2], and Hayashida and Kiwata [4], who investigated
the effect of nozzle spacing of twin round jets and
twin rectangular free jets, respectively.

Figure 7 shows contour plots of the dimensionless
turbulent kinetic energy in the x-y cross-section,
k/tioe? for triple rectangular free jets with S/d. = 2.06,
4.13 and a single rectangular free jet of the
SingleMajor case. At 0.5 < x/d. < 5, the turbulent
kinetic energy increases in the inner and outer shear
layers due to the Kelvin—Helmholtz instability. The
y-direction position of the peak value of the turbulent
kinetic energy of the side jets moves toward the
middle jet. For S/d. = 2.06, the turbulent kinetic
energy (k/toe® > 0.02) in the outer shear layer of the
side jets becomes larger than that in the outside inner
shear layer of the side jets. At 5 < x/d. < 10, for a
small spacing ratio of S/d. = 2.06, the turbulent
kinetic energy increases on the jet symmetry line
because the larger mixing area in the middle jet does
not expand in the x-direction. In the downstream
region, the turbulent kinetic energy decreases
gradually with the merging of the triple rectangular
free jets. At x/d. > 20, for S/d. = 2.06, the turbulent
kinetic energy increases more than that for the other
spacing ratios due to the continuance of high velocity
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Figure 6. Contour plots of mean x-axial velocity
in the x-y cross section for (a) S/d. = 2.06, (b)
S/d. = 4.13 and (c) SingleMajor case.
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along the jet centerline as shown in Fig. 6. In contrast,
the distribution of the turbulent kinetic energy of the
triple rectangular free jets for S/d. = 4.13 is not
significantly different from that of the SingleMajor
case. Thus, when the spacing ratio S/d. is large, the
flow characteristics of each jet in triple rectangular
jets are similar to those of a single rectangular free
jet.

3.3. Mean velocity and turbulent kinetic
energy in the jet centerline and the jet
symmetry line

Figure 8 shows the distributions of mean x-axial
velocity on the middle jet centerline i mia/iocl, the
side jets centerline it siae/#oc1, and the jet symmetry
line #sym/itoc. The results for twin rectangular jets
with a spacing ratio of S/d. = 2.75 [4], and the
SingleMajor and the SingleRound cases are also
shown in Fig. 8. the length of the potential cores, for
the triple rectangular jets as described Sec. 3.2, and
the TwinMajor and the SingleMajor jets are about x.
~ 3d., respectively. This length of the potential core
is smaller than that for the SingleRound case, that is,
Xc = 4d.. Commonly, the potential core length for a
rectangular jet is shorter than that for a circular jet
due to the three-dimensional deformation of the
vortex rings in a non-circular jet [4]. From the end of
the potential core region, the velocity on the jet
centerline begins to decrease. The velocity on the jet
centerline of a developed single circular jet and
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Figure 7. Contour plots of the turbulent Kkinetic
energy in the x-y cross-section for (a) S/d. =
2.06, (b) S/d. = 4.13 and (c) SingleMajor case.
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single rectangular jet, that is, SingleRound and
SingleMajor, decays in proportion to x~'. For S/d. =
2.06, the velocity on the side jet centerline is lower
than that on the middle jet centerline. However, for
S/d. = 4.13, the velocity on the side jet centerline is
approximately the same as that on the middle jet
centerline.

Figure 9 shows the second invariant iso-surfaces
of the velocity gradient tensor Q from the numerical
results for S/d. = 2.06 and S/d. = 4.13. For a small
spacing ratio of S/d. =2.06, vortex rings at the nozzle
exit are generated, and the middle and the side jets
interfere between the outside and inside inner shear
layers. From x/d. = 3, longitudinal vortices are
generated in the shear layer, and the vortices form a
three-dimensional structure. As a result, the triple
rectangular jets mix with the surrounding fluid, and
a flow field develops. In contrast, for a large spacing
ratio of S/d. = 4.13, vortex rings at the nozzle exit are
also generated. It seems that the interference between
the outside and inside inner shear layers is weaker
than that for a small spacing ratio of S/d. = 2.06. The
longitudinal vortex in the inner mixing region grows
from about x/d. = 5.

The distributions of the mean x-axial velocity,
Usym/toct, on the jet symmetry line is also shown in
Fig. 8. The MP, which is a point of the velocity
deficit between the jets, is defined as the location
where itsym = 0.015 ipa. The location of the MP is
equal to x/d. = 1.1, 2.8, 4.5, and 6.3 for S/d. = 2.06,
2.75,3.44, and 4.13, respectively. The location of the
MP is close to the nozzle exit as the nozzle spacing
ratio S/d. decreases, similar to the case of the twin
circular and twin rectangular jets [2, 4]. Downstream
of the MP, the velocity of i m/ito on the jet
symmetry line increases and has a peak value of 0.48,
0.3, 0.25, and 0.22 at x/d. = 9, 11, 15, and 17,

(a) S/d.=2.06

respectively. Especially, for S/d. = 2.06, the velocity
isym/tioc €xhibits a high rate of increase because of
the mixing between the middle and the side jets with
the axis-switching phenomenon similar to that of the
twin rectangular free jets [4].

The CP is defined as the location where itc| = itsym.
The CP moves upstream with the decreasing nozzle
spacing ratios, that is, x/d. = 14, 19, 24, and 29 for
Sld. = 2.06, 2.75, 3.44, and 4.13, respectively. The
location of the CP is approximately proportional to
the nozzle spacing ratio S/d., similar to the case of
twin circular jets and twin rectangular jets [2, 4].
Downstream of the CP, the velocity itcmia/tioc on the
jet centerline for a small spacing ratio of S/d. = 2.06
is larger than that for a large spacing ratio S/d. =4.13.
At x/d. = 40, the velocity #cmid/itoa on the jet
centerline for triple rectangular free jets of S/d. =
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Figure 8. Distributions of the mean x-axial
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Figure 9. Second invariant iso-surfaces of the velocity gradient tensor Q for (a) S/d. = 2.06 and (b)

Sld. =4.13
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2.75 is larger than that for twin rectangular free jets
with the same spacing ratio. However, because the
values are nearly identical at x/d. < 30, the decrease
in velocity of the twin rectangular jets at x/d. = 40 is
considered to be due to a difference in the flow rate
of the jets.

3.4. Mean velocity in the y-z cross-
section

Figure 10 shows contour plots of the mean x-
axial velocity, #/ug., in the y-z cross-section at x/d. =
1, 5, 10, 20, 30, and 40 for triple rectangular free jets
with S/d. = 2.06, 2.75, and 4.13.

For S/d. = 2.06, the cross-sectional shape of the
side jets at x/d. = 1 changes only at the corners on the
side of the outer mixing region. Namely, these
shapes change from rectangular to trapezoidal. From
x/d. = 5, the jets begin to merge. At x/d. = 10, the
triple rectangular free jets merge and form a
horizontally long elliptic cross-sectional shape. At
x/d. = 20, the cross-section of merged triple
rectangular free jets becomes round. At x/d. =40, this
cross-section in the downstream region has a
vertically long elliptic cross-sectional shape and
retains a large area of mean velocity of u/ug = 0.18.
Thus, the triple rectangular free jets for a small
nozzle spacing ratio in the downstream exhibit an
axis-switching phenomenon after jet merger.
Specifically, at x/d. < 5 for S/d. = 2.06, the cross-
sectional shape of the middle jet has a small
elongation in the z-direction compared to the side jets,
and the major axis of the cross-sectional shape is

x/d,=10
LX)

(a) S/de = 2.06
x/d,=10

(c) Sid:=4.13

oriented in the y-direction. Thus, triple rectangular
jets with a small nozzle spacing ratio may suppress
the axis-switching phenomenon of the middle jet due
to interference with the side jets.

For S/d. =2.75, the mixing development process
for triple rectangular free jets shows a middle process
between S/d. = 2.06 and 4.13.

For S/d. = 4.13 at x/d. = 1, the cross-section of
jets begins to deform, and the four corners of each
rectangular jet each become round, that is, the axis-
switching phenomenon starts. From x/d. = 10, the
merging of the whole jets begins. At x/d. = 30, the
merged jets have a horizontally long elliptic cross-
sectional shape.

Downstream at x/d. = 30 for S/d. =2.06 and 4.13,
the contour plots of the velocity of the secondary
flow and the velocity vector maps obtained from the
numerical simulations are shown in Fig. 11. For S/d.
= 2.06, the vortices were generated on the four sides
of the combined jet as they rolled up along the z-
direction, suggesting that the axis-switching
phenomenon occurred from x/d. = 20 to 40 as shown
in Fig. 10(a). In contrast, for S/d. = 4.13, there was
no roll-up to the z-direction, and the combined jet
uniformly spread in the y- and z-directions.

5. CONCLUSIONS

The influence of nozzle spacing on the flow
characteristics of triple rectangular jets with an
aspect ratio of 2 was experimentally and numerically
investigated at a Reynolds number of Re = 15,000.
The results are summarized as follows:

x/d,=20

x/d,=20

x/d,=20

/ 0.25

x/d,=30 x/d,=40

Figure 10. Contour plots of streamwise mean velocity in the y-z cross section for (a) S/d. = 2.06, (b) S/d.

=2.75, and (c) S/d. = 4.13 case.
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Figure 11. Contour plots of secondary flow and vector maps from numerical results at x/d. = 30 for (a)
S/d. = 2.06, and (b) S/d. = 4.13 case.

(1) For a small nozzle spacing ratio S/d. = 2.06, the

MP and CP move upstream, the mean velocity
and turbulent kinetic energy increase on the jet
symmetry line, and these increase on the jet
centerline after the CP. Therefore, the triple
rectangular jets with a small spacing ratio have a
large mixing between the middle and side jets
from upstream.

(2) For large nozzle spacing ratio, that is, S/d. = 4.13,

before the jets merge, the flow characteristics of
the triple rectangular free jets were similar to that
of the single rectangular free jet.
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